INTRODUCTION
Thermal NDE can be effectively applied for detection of the defects having thermal properties different from the surrounding material. Different image processing procedures help to localize amplitude variations produced by the subsurface defects on thermograms received during the cooling stage after a heat excitation of the subject surface. An application of the thermal tomography method for quantitative defect characterization and defect visualization in composites is studied. The emphasis of the study is the automation of processing of the thermal images.
The developed image processing algorithm is applied to the thermal responses received from 3 mm and 22 mm thick carbon fiber reinforced plastic (CFRP) panels with prefabricated defects. The algorithm produces a three-dimensional reconstruction of the defects. The influence of each part of the tomography algorithm on the result of processing is discussed. Geometry of the defects obtained with thermal tomography is compared with thermal diffusivity images computed with a two-sided approach. An effort is made to reduce operator participation in defect detection and visualization and to estimate sensitivity of the thermal method to defects in composites.
ALGORITHM DESCRIPTION
Thermal tomography is a fast-developing image processing technique for thermal evaluation of metallic and composite materials. Two classes of methods are used: slicing tomography and combining tomography. The first class is an initial separation of thermal images from an infrared camera into "slices" corresponding to their time after heat application (time gate method). Because the heat front from the surface diffuses into material at a finite rate, the deeper layers of the object provide later thermal response on the surface. The images in each slice are averaged to reduce the noise level. A defect contour extraction procedure is applied to each slice in order to yield a binary defect map at each depth below the surface [1] , Figure 1 . Experimental setup and a thermal tomography algorithm. [2] . The defect maps obtained can be combined into a 3D illustration of the inner structure of the evaluated subject. The second method involves conversion of a characteristic time to the depth, applied to each pixel in the series of thermal images [3] . The reversed characteristic time map represents the profile of the bottom of the structure. Correcting the depthgram with a binary defect map produces better quality defect images [2] , [4] .
In this work the second method is used. The experimental setup and a thermal tomography algorithm are presented in Fig. 1 . Initially thermal images are temporally averaged during an observation time. Then a defect mapping procedure is applied to the averaged image. The planar size of a defect is detennined as the distance between the steepest parts of the surface thermal contrast above the defect [2] . A convenient implementation of this method for the thermal response U is a criteria (1) for the defect, where g is a surface coordinate [5] . The simplest algorithm for making decision for a pixel of the digitized thermal image is expressed as (2) where k is the counting index of the pixels in the analyzed direction. The criteria (2) can be applied sequentially to every three pixels in a line of a rectangular image, in any direction, in order to compute a binary defect map. This defect map is used to correctly mask the in-plane defect shape on the depthgram. The depthgram is constructed independently by calculating a characteristic time of the contrast evolution for each pixel of a thermal response.
EXPERIMENT AL RESULTS
The experimental equipment includes a commercially available focal plane array infrared camera and two high energy flash lamps (Fig. 1) . Digitized thermal response radiated from the specimen's surface is put into a personal computer for further image processing. The thermographic evaluations were performed on a 3 mm thick (20 plies) carbon-epoxy panel with prefabricated artificial defects. The delaminationlunbond defects were simulated by inserting doubled 25 micron Nylon 6 bagging film into the laminate. The inserts consist of 16 squares which are 13, 19, 25, and 38 mm on a side. They are located in four columns at the depths of 0.3, 0.5, 1.2, and 1.5 mm below the surface.
Two hundred thennal images were taken after a flash heat excitation with a sampling rate of 15 Hz. The first image taken before heating was subtracted from the following ones to decrease the effects from background reflections and detector array variations. The thennal images are averaged for a fixed period of time for further analysis. The thennal response from the surface collected from 0.9 to 5.3 s after heating is presented in Fig. 2a . In this image the two shallowest columns of defects, located (from right to left) at 0.3 and 0.5 mm under the surface, are visible. For deeper defects a longer time interval was processed. On the thennogram averaged from 2.7 to 9.3 s the third column of the defects (1.2 mm below the surface) can be detected (Fig. 2b) . The inclusions of the deepest column were not located due to noise and uneven background on the thennal images.
A better defect representation was obtained by application of the Discrete Fourier transfonn to the thennal evolution curves extracted from the sequence of thennograrns. The phase value for the fundamental frequency is calculated for each pixel using various time intervals [4] . Two phasegrams shown in Fig. 2c-d were received for the time intervals 0.5 -4.0 s and 1.3 -11.3 s respectively. They display the inserts at all four depths with acceptable quality, although it appears unfeasible to receive a clear indication of all 16 defects on one phasegram. Additionally, a thennal diffusivity image of the panel was obtained using the technique explained in [6] . In contrast to the one-sided thennography, the two-sided thennal diffusivity image displays all 16 defects (Fig. 3a) . However, the diffusivity image does not separate the depth of the inclusions. The panel inclusions are seen as areas with lower thennal diffusivity with no infonnation as to their depth. They are also visible on the diffusivity image taken from the back side (Fig. 3b) , where the inclusions are at the depth of (from left to right) 2.7, 2.5, 1.8, and 1.5 mrn below the surface (the result is not achievable with the one-sided thennography). For comparison, an outline of the CFRP panel (front side view) with the inclusions is shown in Fig. 3c .
In order to obtain the geometry of the inclusions the defect mapping procedure mentioned above was applied to the images presented in Fig. 2 . A direct application of the criteria (2) produces a very noisy image. It was found that better results are achieved given an application of the method to the image after low-pass filtration. The criteria (2) is applied to each line of pixels sequentially in vertical, horizontal, and two diagonal directions [5] . The rotation of the direction and combination of the received defect maps yields a reconstruction of the defect shape for any defect orientation on a rectangular image. As a result, the defect maps were obtained without preliminary defect localization in the observed area. From a wide variety of averaged thennal responses clear defect contours were received only for the two shallowest columns of inclusions. It is important to point out, that better results can be obtained by processing segments of the image using a prior knowledge about the defect location. The best defect images were computed from the phasegrams in Fig. 2c-d . They are shown respectively in Fig. 3d-e . Unfortunately, neither of the maps has defect images close to the original (Fig. 3c) . In order to obtain a better binary map of the whole panel, both defect maps were manually combined into one. The right half of the map shown in Fig. 3d was linked to the left half of the map shown in Fig. 3e . The obtained geometry of the inclusions (Fig. 3t) is in a good agreement with the panel outline (Fig. 3c) .
The next step of the thermal tomography method is the estimation of the defect depth. Assuming that all inserts were fabricated identically, the characteristic time of the thermal contrast, calculated for each point of the two-dimensional thermal image, is inversely proportional to the defect depth. A 3D picture of the reversed time of the contrast maximum is presented in Fig. 4a . No time to depth calibration is made at this point. The following combination of this image with the defect map of Fig. 3f provides a tomogram shown in Fig.  4b . The defects on the tomogram now have clear edges. In addition, it maintains the advantage of the depth estimation coming from the timegram.
Another specimen was fabricated from the 22 mm thick piece of stitched carbon-epoxy composite. Two square flat bottom holes, 20 mm on a side, were milled into the specimen. The thickness of the material above the holes initially was 5 mm and IS mm. The quartz lamps were used to heat the surface for 30 s. For this specimen a similar data processing procedure was performed on the thermal response collected during the cooling stage. The through the thickness stitches produce a very strong pattern in the thermal images during the heating and for the first several seconds afterwards (Fig. 5a ). This disables meaningful data processing of these images. The averaged thermal responses for the intervals 30-90 s and 210-390 s after heating are presented in Fig. 5b and 5c respectively. The void at the depth of 5 mm is perfectly visible in the first image. Both defects are noticeable in the second image, but the defect map computed from this image gives incorrect defect contours (Fig. 5d ).
The phasegrams received for the intervals 30-120 s and 120-470 s and the corresponding defect maps are shown in Fig. 6a-d . As in the case of the first specimen, the defect maps were combined into one that has images of both holes in the plate (Fig. 6e) . The 3D depthgram and tomogram of the specimen are presented in Fig. 7a-b. Later, the depth of the smallest hole was increased by 5 mm. The thermal tomography procedure was repeated for this workpiece having two holes located 5 and 10 mm under the surface. The results are shown in Fig. 7c-d . The tomograms produce a similar image of the shallowest defect. The difference in images of the second defect is noticeable.
DISCUSSION
Received results illustrate the capabilities of thermal tomography for defect characterization and visualization in composite panels. It employs the whole series of the frames in order to extract the useful information about the defects which improves detectability of hidden inclusions compared to the analysis of a single or a time averaged thermal image. A graphical representation of the results of the tomography in form of defect maps or 3D reconstructed images is easy for analysis and storage. The two-sided thermal diffusivity image demonstrates higher sensitivity and noise resistance, but it does not yield the depth of the defects.
The thermal tomography algorithm used is less accurate than the slicing tomography method, but it is much easier to automate. It requires only two independent procedures: a defect map construction and a defect depth estimation. Because of the small signal to noise ratio for the deepest defects, it was impossible to construct a complete defect map from an averaged thermal response as was performed in [4] for an aluminum plate. The automatic tomography procedure currently produces a lower quality tomogram (fewer detected defects). Operator intelligence was required for the process of creating the defect maps for the whole observed area in both described cases.
